Ordered Li\Mo mixed-oxide films of different compositions have been grown on a Mo(001) surface and analysed by means of scanning tunnelling microscopy, low-energy-electron-diffraction and cathodoluminescence spectroscopy. Starting from a disordered Li x O ad-layer grown at room temperature, a scheelite-type Li 2 MoO 4 phase develops on the Mo surface after annealing to 700 K. The building blocks of this structure are regular nanorods of approximately 30 nm length, which exhibit strong light emission in the green spectral range upon electron injection. Further annealing induces a restructuring of the film that evolves into various mixed-oxide phases of decreasing Li content. The Li fully desorbs from the surface above 1000 K, leaving behind a nano-crystalline Mo-oxide. Our approach demonstrates that ternary Li\Mo oxides of high structural quality can be grown as thin films, making them accessible to conventional surface science techniques without charging problems.
Introduction
Ternary and multi-component oxide systems play an important role in heterogeneous catalysis, as they exhibit unique chemical and physical properties that cannot be found in binary oxides [1, 2] . The versatility of mixed oxides arises from the interplay of the different cations that fulfil complementary tasks in the compound, such as improving the temperature stability, providing suitable adsorption and reaction sites on the surface and acting as charge donors or acceptors [3] . Moreover, the structure and composition of mixed oxides can be varied over wide ranges, opening efficient pathways to adopt the properties of such materials to the needs of a given application. Molybdates represent a particularly interesting class of materials, as they form the basis for highly reactive and selective catalysts especially for the oxidation of hydrocarbons [4, 5] . They also find applications as electrode materials in lithium batteries [6] , as light-emitting phosphors [7] , and corrosion inhibitors [8] . Molybdates in different frameworks turned out to be thermo-dynamically stable and can therefore be used as catalysts in high temperature reactions without deactivation over years [9] . The main factor controlling the performance of molybdates and Mo-oxides in catalysis was shown to be the charge state of the surface species that should be as high as possible to stimulate oxidation processes [4, 10] . The role of surface defects, on the other hand, has hardly been investigated in such materials so far [11, 12] .
One of the technologically most relevant molybdate is Li 2 MoO 4 that has been exploited as catalyst for the methane oxidation and finds applications in lithium batteries [6, 13] . Li-molybdates were prepared with a variety of methods, including wet-chemical, sol-gel as well as combustion techniques [14] [15] [16] . Transmission-electron microscopy, X-ray diffraction and luminescence spectroscopy are the classical tools to analyse the Li\Mo compounds, while surface science techniques are rarely applied due to the insulating nature of the material (4.2 eV band gap) [17, 18] . In this work, we demonstrate that well ordered and morphologically defined Li-molybdates nanostructures can be produced by depositing Li onto Mo(001) followed by different annealing steps in oxygen. Due to their limited thickness, the films are insensitive against charging and can be probed with all common surface science techniques. The ternary Li\Mo oxide grows in the form of uniform nanorods, as seen in scanning-tunnellingmicroscopy (STM) images. Information on structural and electronic properties was derived from low-energy-electron-diffraction (LEED) and cathodoluminescence spectroscopy. Owing to their nano-crystalline nature, we expect the Li\Mo\O films to display unique physical and chemical properties that cannot be found in the respective bulk materials.
Experiment
The measurements were performed in an ultrahigh vacuum chamber (2×10 −10 mbar) equipped with a liquid-nitrogen (LN 2 ) cooled STM and standard tools for sample preparation and analysis. The STM setup was designed specifically to detect photons emitted from the tip-sample junction [19] . For this purpose, a Beetle-type head was placed inside a parabolic mirror with the tip being in the focal point. The mirror collects light from a large solid angle of the tunnel junction. A second mirror outside the vacuum focuses the light onto the entrance slit of a grating spectrograph (150 lines/mm) coupled to a LN 2 -cooled charge-coupleddevice. The optical setup allows us to detect very low photon fluxes in a wavelength range of 200-1200 nm. All STM images presented 
Results
An STM topographic image of Mo(001) after 2 ML Li exposure is shown in Fig. 1a . The surface is covered with nm-sized protrusions that exhibit neither an internal structure nor a long-range order. Also the suppression of the (1× 1) LEED pattern suggests a disordered Li distribution on the Mo surface. The Li adsorption on metals has been studied in detail before, and a complex c(7√2×√2)R45°super-structure was found for the Mo(001) surface [21] [22] [23] . The absence of any ordered Li phase in our case might be explained with inappropriate dosing conditions or the presence of residual oxygen/water in our chamber. Depositing the same amount of Li in 5 × 10 − 7 mbar O 2 leads to a coarsening of the surface and the formation of ad-particles with 3-4 nm diameter and 0.6 nm apparent height (Fig. 1b) . Given the high reactivity of Li, we expect those particles to be made of Li x O. Also this phase is amorphous as no LEED pattern is detected. The morphology of the ad-layer changes completely upon annealing to 700 K in UHV, when a characteristic stripe pattern comprising parallel nanorods of~2 nm width,~1 nm height and up to 30 nm length develops on the surface (Fig. 1c,d ) [24] . Already single rods seem to be thermodynamically stable, as isolated units with similar geometric parameters are found at much lower Li loads (Fig. 1c, inset) . The stripes align with the two Mo〈100〉 directions and thus develop two orthogonal domains. We suggest that the observed surface reorganization is the result of Li\Mo intermixing at the elevated temperature. The crystalline nature of the nanorods is deduced from a sharp, yet complex LEED pattern, as shown in Fig. 2 . The LEED reflexes can be divided into two groups. Spots of the first group form a simple square pattern and move towards the centre of the LEED screen with increasing electron energy (dashed circles). They are readily identified as the Mo(001) spots and can be used as internal reference in the diffraction pattern. The second group shows an atypical behaviour, as the spots already appear at very low energies (below 35 eV) and propagate outward with increasing electron energy (Fig. 2, arrows) . This behaviour is incompatible with electron diffraction at atomic planes parallel to the sample surface, as the increase of the scattering vector with energy in this case pushes the diffraction spots towards the centre of the LEED screen where they collapse into the (0,0) spot. The occurrence of outward propagating spots thus indicates the presence of facets that are tilted against the macroscopic sample surface [25] . The tilt direction is given by the crystallographic direction along which the spots move in reciprocal space, which are the Mo〈100〉 directions in our case. The tilt angle can only be approximated here because the (0,0) spots of the individual facets are already outside the screen. A The inset in (d) displays a height profile across the four nanorods marked in the main image.
rough approximation yields a tilt angle α> 45°with respect to the surface plane. We show later that this particular LEED pattern can be reconciled with a facetted Li-molybdate structure growing in two domains on the Mo(001) surface. Further annealing to 800 K causes the film morphology to change again (Fig. 3a,b) . Instead of tall and long nanorods, flat islands that tend to wet the Mo surface are now observed in the STM topographies. The islands are approximately 0.3 nm high and exhibit a line pattern with 1.0-1.2 nm spacing on their top. Occasionally, bundles of two/three protruding lines are disrupted by a chain of dark holes with 0.5-0.6 nm periodicity along the axis (Fig. 3a inset) . This is the same periodicity as revealed from the corresponding (2× 2) LEED pattern suggesting that the fundamental building blocks of the new island structure are 0.63 × 0.63 nm 2 in size. The island edges are aligned again with the Mo〈100〉 directions. When annealing to even higher temperature in UHV (900 K), the flat islands break apart into small rectangular units of 1.2-3.0 nm length and 0.6-1.2 nm width (Fig. 3c,d ). Closer inspection reveals that they comprise similar structural elements as the flat islands before, i.e. they are of similar height and consist of rows of 0.5-0.6 nm spacing. In large scale images, the rectangular units form a regular pattern with~1.5 nm periodicity. Also at this stage, a sharp (2× 2) pattern in observed in LEED (Fig. 3c) . The last step of our annealing series is reached at 1000 K, when a relatively rough surface develops, densely covered by 1 nm-high pyramids. These nanostructures have a rather uniform size of (3.0±0. Additional information on the Li\Mo\O system is obtained from cathodoluminescence spectroscopy using the STM tip as local electron emitter. The spectra are acquired with 150 eV electron energy and 5 nA current, stabilizing the STM tip at~100 nm above a pre-selected surface region. Fig. 4 shows three cathodoluminescence spectra taken on 2 ML metallic Li/Mo(001) and on 2 ML LiO x /Mo annealed to 700 and 1000 K, respectively (from bottom to top). The first-spectrum is essentially flat with the exception of a sharp 670 nm-emission peak. This spectral feature was already indentified on other Li-containing compounds and relates to optical transitions in Li atoms that desorb from the surface upon electron impact [20] . The measured photon energy of 1.85 eV (670 nm) corresponds to the most intense optical transition in gas-phase Li Simultaneously, a new emission band with relatively large width (FWHM: 0.7 eV) develops at 500 nm (~2.5 eV) wavelength. Further annealing leads to a gradual decrease of the peak intensity until it completely disappears at~1000 K (Fig. 4, top spectrum) . Apparently, the light-emitting phase is stable only in a small temperature window ranging from 700 to 800 K.
Discussion
As shown in the previous section, a nano-crystalline oxide phase with distinct structural and optical properties can be prepared by depositing a few ML Li onto the Mo(001) surface and annealing it to 700 K in oxygen (Fig. 1c,d ). This phase neither develops when Li metal is annealed in vacuum nor when bare Mo(001) is treated in O 2 , indicating that all three elements, Li, Mo and O, are involved in the new compound. Several Li-molybdates have been reported in the literature, the composition of which sensitively depends on the initial Li load and the annealing conditions [16, 23, 27] . However, only the scheelite group exhibits the characteristic 'green' luminescence at 490-550 nm that has been detected here [7, 17] . The building blocks of the scheelite structures are slightly distorted MoO 4 2 − tetrahedrons that are separated from one another by a second type of cations. The most effective separation is obtained with spacious yet light ions, such as alkali and earth alkali species, which renders Li 2 MoO 4 and CaMoO 4 particularly interesting for applications. The effective decoupling of the MoO 4 2− units in these compounds is responsible for the intense 500 nm-emission, which arises from charge-transfer transitions between the O-ligands and the Mo-core [28] . The width of the band is governed by residual coupling between neighbouring units, which opens non-radiative decay channels and shortens the lifetime of the excited state [29] . The similar photon response of typical scheelite structures and our samples suggests that a Li 2 MoO 4 -type of film develops on the Mo(001) surface upon annealing a Li x O adlayer to 700-800 K. To support this scenario, we have tried to reconcile not only the optical data but also the LEED and STM signatures of our films with the known properties of Li 2 MoO 4 . In a first step, we have considered several crystallographic planes of Li 2 MoO 4 to identify a suitable interface with the Mo(001). The bulk phase is made of corner-sharing MoO 4 and LiO 4 tetrahedrons, in which each MoO 4 unit has eight LiO 4 neighbours connected via trigonallycoordinated oxygen ions [27, 30] . The most probable cleavage plane is a particular (110) plane that exhibits a minimum of interconnections between the upper and lower half-space. To create the potential interface, the bonds between nine O ions and 6 Mo/3 Li ions need to be broken per Li 2 MoO 4 unit cell. The resulting plane is O-terminated and therefore readily interacts with the Mo(001) support. Using the bulk lattice parameters, even an epitaxial relationship can be achieved between the Li 2 MoO 4 (110) and Mo(001) plane in the following way (Fig. 5a) (001) surface, being probably Mo hollow and bridge sites in order to maximize the oxygen coordination. The fact that the required lattice distortion is not equal along the two crystallographic directions also explains the observed unidirectional growth of Li 2 MoO 4 and the formation of nanorods (Fig. 1c,d ). While the growth is highly favourable in the low strain direction, along which the crystals extend over tens of nm, it terminates after 1-2 nm in the orthogonal direction due to the larger misfit. Given the threefold symmetry of Li 2 MoO 4 with respect to the c-axis, we further suggest that the side facets of the nanorods are terminated in a similar fashion as the interface plane, resulting in a triangular cross-section (Fig. 5a ). The two side facets would then enclose a 60°angle and be inclined by 60°against the surface plane. The presence of such facets is fully compatible with both, LEED and STM results. In LEED, we observe superstructure spots that move outward with increasing energy, suggesting that the (0,0) reflex of the respective facets is not projected onto the LEED screen anymore. For the given geometry of our LEED setup, this implies that the tilt angle has to be larger than 45°, a value that is inline with the 60°predicted by the structure model. The STM images, on the other hand, show a network of nanorods with triangular height profile. The experimental height to diameter ratio has been determined to 0.5 (2 nm width, 1 nm height), which compares to 0.8 for an ideal Li 2 MoO 4 triangle structure. Two reasons might account for the small discrepancy. First, lateral dimensions are always enlarged in STM measurement due to the effect of tip convolution. Second, the Li 2 MoO 4 nanorods may adopt trapezoidal shapes, in which the top-most atom rows are removed in order to avoid under-coordination of the terminating atoms. Both effects would reduce the measured aspect ratio and reconcile experiment and proposed structure. We note that our model remains tentative, as no structure-sensitive data is available for the Li 2 MoO 4 nanorods at this point and the Li\Mo\O phase diagram is comparably rich [31] .
The nanorod pattern disappears after annealing the surface to 800 K in vacuum, most likely because of removal of Li and/or oxygen from the ad-layer. To rationalize the island morphologies emerging in this heating step (Fig. 3a-d 10 . A gradual reduction of the Mo species is indeed expected when annealing a ternary oxide in UHV to higher and higher temperatures. Let's finally note that only LiMoO 2 shows a tendency for unidirectional growth due to its rectangular unit cell and the large lattice misfit along one growth direction (17%). Although we abstain from assigning the observed morphologies to specific oxide structures due to the lack of atomic-scale data, we want to emphasize a few points:
(i) No well-ordered MoO 3 phase, being the most stable binary oxide, is expected to develop on Mo(001) due to differences in the lattice symmetry. This becomes evident from a Mo\O\Mo bond angle of 104°and a Mo\O bond lengths of 0.23 nm, which compares to a Mo\Mo distance of 0.315 nm in Mo(001). The incorporation of Li may soften these constraints, as Li\O\Li angles are more flexible and the Li\O bond length is shorter (0.2 nm). Li\Mo mixed oxides are therefore better able to cope with the square symmetry of the Mo(001), in line with the experimental data. (ii) Upon annealing, the Li progressively desorbs from the surface, which removes the balancing units in the molybdate structures. The Mo-rich phases consequently experience an increasing misfit strain, causing the film to break apart into spatially confined islands. This trend can be followed in the temperature evolution of the morphology, in which the maximum structure size decreases from 20 to 3 nm when rising the temperature from 800 to 900 K (Fig. 3) . We believe that Li-poor sections can be detected directly in the STM as dark dotted lines that cut through the film (Fig. 3a, inset) . Along those lines, the mixed islands break apart into small highly strained units. (iii) Above 1000 K, the Li finally leaves the surface and therewith all compensating elements that have enabled pseudomorphic growth before (Fig. 3e,f) . The lattice mismatch experienced by the remaining MoO x units triggers a massive surface restructuring that results in the formation of square-shaped pyramids of 3×3 nm 2 size. The strain field around each nanopyramid is responsible for their ordered arrangement that still mimics the square symmetry of the (001) surface [35] . We note that a similar surface morphology is obtained directly by annealing bare Mo(001) in 5×10 −7 mbar O 2 . However, the nanopyramids produced in this way exhibit a larger size distribution but no long-range order. Apparently, Li residuals in the annealed mixed films promote the development of less-strained MoO x -Mo interface structures and improve the overall quality of the oxide film.
As the stoichiometry of the nanopyramids is unknown, we can only speculate on their possible MoO 3 nature. Note that all Li\Mo\O compounds discussed in the above paragraph are optically inactive, because either the charge-transfer transitions in [MoO 4 ] 2 − tetrahedrons are dipole forbidden or the luminescent units are strongly coupled to an optically inactive environment [36] .
Conclusions
Oxygen-assisted Li deposition on Mo(001) gives rise to the formation of several Li\Mo mixed-oxides with distinct structural and optical properties. At relatively low preparation temperature, a regular stripe pattern develops on the surface that comprises scheelite-type nanorods and exhibits intense light emission in the green spectral range. The loss of Li upon annealing produces a variety of molybdate structures that are characterized by a decreasing Li-to-Mo ratio and lower Mo oxidation states. At 1000 K annealing temperature, all Li is removed and a partly-ordered MoO x phase develops on the surface. In general, the formation of the ternary oxides is driven by intermixing of adsorbed Li and Mo atoms from the support, a process that gets promoted by the small ion radius and the low diffusion barrier of Li. As inter-diffusion is limited to a confined region at the Li\Mo interface, our preparation procedure is well suited to produce thin molybdate films but cannot be used to prepare bulk-like samples. Still, the relatively uniform ad-layers presented here may serve as model systems to investigate the adsorption and reaction behaviour of Li-molybdates.
